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© 2018 TheThe current study was initiated in order to evaluate the adhesion strength of thin and porous hydroxyapatite (Hap)
coatings on titanium (Ti) substrates deposited by the low temperature electrospraying method. The nanocrystalline
hydroxyapatite powder was synthesized by coprecipitation method using eggshell biowaste as a nontoxic and natural
source of the calcium precursor. Five hydroxyapatite coatings were electrosprayed onto Ti substrates by varying the
concentration (0.05 and 0.1 wt%) of polyethylene glycol (PEG) and polyvinylpyrrolidone (PVP) polymers in Hap
suspensions. It has been shown that the adhesion strength of composite polymer–Hap coatings increased with increasing
polymer concentration and the highest value (8.75 ± 0.75 MPa) was measured for the sample containing 0.1 wt% of
PVP. The reason for the change in bonding strength was ascribed owing to microstructural changes caused by polymer
addition whereas on one hand lower adhesion strength in Hap–0.1PEG was caused by the presence of separated polymer
contained islands, and hence, weaker adhesion to substrate was found in this sample. On the other hand, more uniform,
homogeneous, and denser microstructure resulted in an increasing cohesive strength inside the Hap–0.1PVP layer which
lead to stronger mechanical bonding at the coating–substrate interface.
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Titanium (Ti) and its alloys belong to a group of bioinert ma-
terials which are intended to be used in several clinical applica-
tions, especially for orthopedic and dental implants [1, 2].
However, as in the case of other metallic prostheses, they ex-
hibit poor capability to bond to living tissue which resulted in
low fixation and formation of fibrous layer at the bone–implant
interface [3]. Therefore, it is a great challenge to improve the
bioactivity of the implant surface in order to enhance the
osseointegration with bone tissue.
Hydroxyapatite, the most stable calcium phosphate (CaP)
member, has been widely used in various biomedical fields ow-
ing to its close chemical compositional similarity with natural
bone [4]. The classical methods for Hap preparation include wet
chemical processes as well as solid state procedure using precur-
sors either of synthetic and biological nature [5–8]. However,
Hap in pure form has poor mechanical properties; therefore, its
using is restricted only for nonloadbearing application or as coat-
ings of metallic implants [9]. The Hap coating on material sur-
faces creates a bioactive film which allows a direct bonding to
the living bone and retaining high mechanical properties of Ti
implants [10]. Moreover, the Hap-coated Ti promoted higher os-
teoblastic differentiation and proliferation as compared with
uncoated Ti implants, thus enabling higher efficiency to enhance
osteogenesis [11].
The adhesive strength between Hap coating and substrate is
found as the most important characteristic which determines
the quality of the applied coating and its clinical application
[12]. The bonding strength of hydroxyapatite and metal sub-
strate depends on various factors such as surface chemistry,
microstructure, surface roughness of the substrate, and pro-
cessing parameters of applied technique [12]. It has been
shown that the adhesion strength between the Hap layer and
metallic substrate is relatively poor which can lead to coating
delamination at the coating–substrate interface [13]. Although
sintering during the thermal plasma spraying (TPS) processcorrespondence: tsopcak@saske.sk
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cimproves the coating adhesion, high temperature results to de-
omposition of Hap to various phases such as alpha or beta
icalcium phosphates (α,β-TCP) having higher in vitro disso-
tion and resorption rates [14, 15]. On the other hand, the ad-
ition of hydrophilic polymers to Hap, e.g., polyethylene
lycol or polyvinyl alcohol, not only enhanced the adhesion to
ubstrate but also retains high biocompatibility and bioactivity
f the Hap coating [16, 17]. The PEG-modified hydroxyapatite
omposite coating exhibited improved binding strength of Hap
the substrate with increased packing density of Hap particles
ithout the need of sintering [16].
In fact, contrary to plasma spraying, the electrostatic spray
eposition (ESD) represents a low temperature coating tech-
ique which allows the incorporation organic species, e.g.,
olymers or drugs during deposition process [18]. Depending
n process condition, a wide variety of particles morphology
the form of thin nanometer range films can be deposited on
e substrate surface [19]. Generally, ESD is a solvent-based
ethod which involves electrostatic atomization of solution
roplets containing dispersed particles which are sprayed onto
rounded substrate under influence of high electrical forces.
ubsequently, a thin film is formed, resulting from the evapo-
tion of solvent during flight of droplets towards the sub-
trate. Leeuwenburgh et al. [20, 21] in his pioneering works
uccessfully deposited CaP coatings with defined chemical
nd morphological characteristics at different deposition con-
ition. It was found that by changing processing parameters,
.g., chemical composition and mixing characteristic of pre-
ursor liquids, deposition temperature, needle to substrate dis-
nce, liquid flow rate, applied voltage etc. can significantly
ffect the initial droplet sizes and precipitation kinetics of the
aP solute and thus the quality, morphology, and thickness of
e deposited coatings.
Hence, the purpose of this work was to evaluate the effect of
olyethylene glycol and polyvinylpyrrolidone polymers addition
n microstructural and adhesion strength changes of Hap coat-
gs deposited on commercial Ti substrates. Adhesion strength of
oated samples was tested by the standard tensile adhesion test
ISO 13779-4.miai.com
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Table 1. Surface roughness of the coatings
Sample Surface roughness, Ra (μm)
Uncoated substrate 1.81 ± 0.02
Hap pure 1.88 ± 0.05
Hap–0.05PVP 1.90 ± 0.07
Hap–0.1PVP 2.10 ± 0.06
Hap–0.05PEG 1.97 ± 0.10
Hap–0.1PEG 2.37 ± 0.07
Characterization and Adhesion Strength2. Materials and Methods
2.1 Substrate Preparation. Commercially pure Ti alloy (Ti–
6Al–4V discs with diameter of 35 mm; thickness of 2 mm;
sandblasted with corundum particles [Al2O3], 60 μm [180 grit]
in size, purchased from PROTETIM Kft., Hungary) were used
as a substrate material. Before deposition, all substrates were
ultrasonically cleaned in ethanol for 20 min.
2.2 Preparation of Nanosized Hap Powder and Suspension.
The nanosized Hap powder was synthesized by the precipitation
of 0.2 M of eggshell and 0.2 M of (NH4)2HPO4 (analytical
grade, Merck, Darmstadt, Germany) solutions with the Ca–P
molar ratio of 1.66. The eggshell solution (calcium precursor
prepared by dissolution of calcined eggshells in HNO3 [1:1]) was
drop-wise added (3 mL/min) to the phosphate solution at room
temperature and pH 10.0. The reaction mixture was vigorously
stirred (500 rpm), while the pH was maintained by the ammonia
solution (reagent grade, 28 wt%, Sigma-Aldrich). The obtained
precipitate was aged for 4 days, washed with deionized water
and ethanol, filtered over the membrane filter (Millipore, 0.2 μm
pore size), microwave dried (30 min), and lyophilized (ilShin)
for 5 h. The as-prepared powder was dried in oven at 100 °C for
another 1 h.
The Hap suspensions for electrospaying were prepared as
follows: 0.5 g Hap was dispersed in 100 mL of ethanol under
vigorous mixing (30 min) and ultrasonication (30 min). The
Hap–PEG and Hap–PVP suspensions were obtained after dis-
solving 0.05 g and 0.1 g of PEG (pellets; molecular weight
[MW], ∼6000; Acros Organics) and PVP (powder; MW,
∼1,300,000; Sigma-Aldrich) in ethanol and admixing 0.5 g of
Hap powder into solutions. Suspensions were left for 30 min
before ESD.
2.3 Electrostatic Spray Deposition of Coatings. Hap
coatings were deposited using a commercially available ESD
device (Ne100, Turkey) under room temperature at standardized
conditions; fixed nozzle–substrate distance of 10.5 cm, liquid
flow rate of 3 mL/h, applied voltage of 13–14.5 kV, and
spraying time of 45 min for each suspension, respectively. The
ESD procedure started with filling the syringe by liquid and
pumping through nozzle (d = 0.950 mm). Charged droplets
generated by the electrical forces were targeted onto the
grounded substrate forming a thin layer on it after solvent
evaporation. After deposition of coatings, the substrates were
dried at room temperature in desiccator for 24 h.
2.4 Characterization Methods. The surface morphology
and thickness of the deposited coatings were assessed by
scanning electron microscopy (SEM; LEO 1540 XB, 2 kV).
The average surface roughness (Ra) of the pure and coated Ti
substrates was studied using confocal microscope (Sensofar
Neox Plu). The phase composition of coatings was analyzed
by X-ray diffraction analysis (XRD, Philips X' PertPro,
Cu Kα radiation; 40 kV, 50 mA, 2θ between 10° and 60°) and
Fourier transform infrared (FTIR) spectroscopy (FTIR
Shimadzu IRAffinity1, 300 mg KBr + 1 mg sample) after
scraping a desired amount of coatings from the substrate
surfaces. The adhesion strength of deposited coatings was
evaluated by the standard adhesion test ISO 13779-4 using
bonding of substrate with the epoxy structural adhesive (3M,
Scotch-Weld DP 460). After curing (24 h, room temperature),
the adhesive strengths of glued components were measured on
the tensile testing machine (Instron 5985, USA tensile load at
a constant cross-head velocity 1 mm/min) until complete
separation of coatings was recorded. The texture of detached
coatings was analyzed by the SEM–energy dispersive X-ray
(EDX) study. The testing procedure was repeated 3 times for
each specimen, and the results were expressed as the average
loads ± standard deviation.23. Results
3.1 Characterization of Hap Coatings. The average
surface roughnesses (Ra) of the native Ti substrate and substrates
after coating are illustrated in Table 1. The close Ra values of the
uncoated (1.81 ± 0.03) and Hap-coated (1.88 ± 0.05) Ti were
measured. The roughness of coatings on Ti exhibited enhanced
rise after applying of PEG- and PVP-doped Hap suspensions
with Ra equal to 2.37 ± 0.07 and 2.10 ± 0.06 for Hap–0.1PEG
and Hap–0.1PVP, respectively.
Figure 1 shows the surface morphology of Ti substrates ob-
served by SEM. The strongly disrupted surface texture with ir-
regular craters or holes with size up to 40 μm was visible on
uncoated Ti (Figure 1a, b) due to surface deformation after sand-
blasting process. Electrosprayed Hap coating without polymer
additives (Figure 1c, d) was characterized by spongy-like mor-
phology with large fraction of spherical micropores up to 10 μm
size. From more detailed cross-sectioned view resulted the forma-
tion of very fine porosity (nanometric pore size) across the layer
and coating thickness was approximately 4 μm. The coating was
composed of spherical Hap agglomerates with size that did not
exceed 2 μm. The addition of only 0.05 and 0.1 wt% PEG into
the Hap–ethanol suspension (Figure 1e, f and g, h) resulted in
some surface compaction with partial non-uniform filling of
larger Hap pores (about 10 μm) by PEG, which create elevated
islands on coatings, despite that the formation of rougher coat-
ings with average thickness of ∼2 and 3 μm for Hap–0.05PEG
and Hap–0.1PEG, respectively, was demonstrated. On the other
hand, absolutely different surface texture was found on the Ti
samples coated with the Hap–0.05PVP and Hap–0.1PVP suspen-
sions (Figure 1i, j and k, l) where smoother and denser layers
were clearly seen on Ti substrates and the origin micropores be-
tween the Hap particles were almost completely filled by PVP
polymer. The detailed focused ion beam (FIB) cross-sectional im-
ages revealed comparable coating thickness of ∼2.0 and 2.2 μm
for Hap–0.05PVP and Hap–0.1PVP samples, respectively.
The XRD analysis results (Figure 2) of scraped coatings did
not show any significant changes in XRD patterns, and the main
diffraction lines in all samples are attributed to the nanocrystalline
hydroxyapatite (JCPDS 24-0033) with traces of PEG observed at
2θ = 19.2° and 23.4° for Hap–0.05PEG and Hap–0.1PEG sam-
ples, respectively.
Similarly, the FTIR spectra of all coatings (Figure 3) revealed
absorption bands typical for the nanocrystalline hydroxyapatite.
Briefly, broad bands observed at 3560/cm and at 1640/cm can be
attributed to the stretching vibrations of OH groups and bending
vibration of H2O, respectively [22]. The presence of peaks at
1460, 1425, and 875/cm was due to the (ν3) and (ν2) vibrations
of carbonate groups in AB-hydroxyapatite [23]. Furthermore, the
absorption bands observed at 1094, 1032, and 962/cm can be as-
cribed to the antisymmetric (ν3) and symmetric (ν1) stretching
vibrations of PO4
3– hydroxyapatite group, so as the doublet lo-
cated around 603 and 564/cm is characteristic for the (ν4) anti-
symmetric P–O bending vibrations [24]. Besides this, in the
spectra of the Hap samples containing PVP and PEG, the CH
stretching vibrations at ∼2922 and 2890/cm can be clearly identi-
fied in both type of coatings along with the weaker bands from
CH bending (1343/cm) and C–N stretching (1289/cm) vibrations
Figure 1. Surface morphology of pure Ti (a, b) and elecstrosprayed coatings on Ti substrates (c, d — Hap; e, f — Hap–0.05PEG; g, h — Hap–0.1PEG;
i, j — Hap–0.05PVP; k, l — Hap–0.1PVP)
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Figure 2. XRD analysis results of scraped coatings
Figure 3. FTIR analysis results of scraped coatings
Figure 4. Variations of the tensile adhesive strengths for the coated
samples
Figure 5. Illustration of coated samples
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Characterization and Adhesion Strengthfor Hap–PEG and Hap–PVP samples, respectively [25, 26].
Moreover, the addition of PEG into Hap suspension revealed a
new vibration of C–C–O bands [27] at around 840/cm arise from
PEG, while in the case of PVP doped layers, the strong peaks at
1639/cm which are overlapping with the H2O bending vibrations
can be attributed to the stretching vibration of C=O groups in
PVP [26].
3.2 Adhesion Strength of Hap Coatings. Figure 4 depicts
the variations of the tensile adhesive strengths for the coated
samples. The results showed the lowest adhesive strength of pure
Hap coating on the Ti substrate (3.15 ± 0.75 MPa). As further
shown, the adhesive strength of composite coatings increased
gradually with the addition of polymers (PEG or PVP). While
the Hap–0.05PEG- and Hap–0.05PVP-coated samples exhibited
adhesive strengths of 4.23 ± 0.52 MPa and 5.52 ± 0.75 MPa,
almost double rise up to 8.75 ± 0.75 MPa and about 25%
increase (5.71 ± 0.63 MPa) in bonding strength were measured
for the Hap–0.1PVP and Hap–0.1PEG samples, respectively.
4. Discussion
Although many techniques have been used for producing Hap
layers on metallic surfaces, plasma spraying is still the only capa-
ble method of creating coatings suitable for use in biomedical ap-
plications. In the current work, we tested the adhesion strength of
Hap coatings prepared by electrospraying (Figure 5), which is in
many ways much simpler and easier controllable deposition
method in comparison with thermal spraying. By the ESD tech-
nique, thin and uniform CaP layers with different structure and
morphology can be successfully deposited onto metallic sub-
strates; however, there are still problems concerning with poor
coating adhesion and the choice of adequate method for testing
the adhesion properties of deposited layers. de Jonge et al. [28]
tested the mechanical performance of the electrosprayed nano-
scale collagen–calcium phosphate coatings on titanium substrate
using the standardized tape test (ASTM D-3359) in order to de-
termine the coating retention. However, the results obtained by
this method might be discutable by taking into account the fact
that the substrate surfaces were not completely covered by the
coating layer.
In general, the adhesion between coating and substrate can be
a result of both mechanical interlocking and chemical bonding
[12]. The typical adhesion failure mode after the tensile strength
test (ISO 13779-4) is composed of the combination of (co) cohe-
sive (inside the coating layers) and (ad) adhesion (coating to sub-
strate) failures at coating–substrate interfaces. In addition, if the
bonding between the glue and uppermost coating layer is poor,
adhesive failure takes place [29]. Previous studies have shown
that there are many variables influencing the adhesive strength of
plasma-sprayed Hap coatings [30, 31]. Yang et al. [30] evaluated
the effect of coating characteristics, e.g., different microstructures,
concentrations of impurity phases, and indices of crystallinity, on
the mechanical strengths properties of the plasma-sprayed Hap-
coated Ti implans. The results showed that the microstructure
was the key factor influencing the mechanical stability of the
Hap coating both in vitro and in vivo. Some related research
T. Sopcak et al.investigated the influence of coating thickness on the bonding
strength of Hap-coated Ti samples [31]. Earlier studies showed
that thinner coatings with an average thickness of ∼50 μm re-
vealed higher adhesion strength in comparison with the
∼200 μm Hap implants. However, in some cases, an abnormal
increase in adhesion strength (50–60 MPa) indicated that the
measured data represent the strength of glue rather than the true
bonding strength of the coating [32, 33].
In this work, from the fractographic analysis results of the
detached layers from substrate after testing (Figure 6), it is evi-
dent that the glue penetrated in a large area inside the pure Hap
layer (darker area) and enhanced the adhesion strength of coat-
ing due to both improving cohesion between Hap particles by
glue and direct adhesion of glue or Hap–glue mixture to sub-
strate. In this case, the measured adhesive strength of Hap coat-
ing was overestimated. Contrary to the above, detaching the
composite polymer–Hap coatings (illustrated only for samples
containing 0.1 wt% polymers) are characterized by the typical
mixed adhesion–cohesion failure mode (Figure 7). The revealed
lower bonding strength (5.71 ± 0.63 MPa) of the Hap–0.1PEG
sample was probably because of weaker adhesion to substrate
(more than 80% of tested coating surface detached continu-
ously) and also because of being partially affected with stronger
adhered areas (black regions) due to improved adherence or
glue penetration across the layer via cracks or that pores cannot
be omitted in explanation. On the other hand, despite compara-
ble thickness and surface roughness of both composite coatings,
the reason for the rapid increase in adhesion strength of the
Hap–0.1PVP sample (8.75 ± 0.75 MPa) can be attributed to
more uniform, homogeneous, and denser microstructure where
the origin pores between the Hap particles were almost
completely filed by PVP polymer, contrary to separatedFigure 6. Schematic representation of samples after adhesion strength
tests (L— loading roots; S — substrate)
Figure 7. Schematic representation of detached coatings after adhesion
strength testspolymer contained islands found in Hap–0.1PEG coating,
which resulted in an increasing cohesive strength inside the
coating and tighter mechanical bonding at the coating–substrate
interface.
The texture and microstructure analysis of detached composite
layers (Figure 8) demonstrate more compact Hap–0.1PVP coat-
ing with better separation of Hap particle in agglomerates with
more intense contact with relief texture of substrate in compari-
son with coarse Hap agglomerates clearly separated by polymer
enriched regions. This fact caused the decrease in mechanical
bonding between substrate and coating because Ti substrate was
not perfectly covered with composite. It is clear that physico-
chemical properties of polymer used in suspension should be op-
timal from the point of view of disaggregation and proper
dispersion of Hap component which was much effective in the
ethanolic Hap–0.1PVP suspension.
5. Conclusions
In this study, hydroxyapatite coatings were deposited on
comercially avalaible Ti–6Al–4V substrates by the low tem-
perature electrostatic spray deposition technique. The aim was
to examine the effect of PEG and PVP addition on adhesion
strength of thin Hap coatings of ∼2–5 μm in thickness. The
results of fractographic analysis showed that, besides the pure
Hap coating, the polymer-doped Hap layers revealed typical
adhesion–cohesion failure modes after bonding strength tests.
As further shown, the microstructural and EDX map results
confirmed the fact that the polymer-doped layers were thor-
oughly removed from the substrate surfaces after adhesion5
Figure 8. Microstructure and element distribution on the detached coatings after adhesion strength test (a — Hap–0.05PEG; b, c — Hap–0.1PEG)
and (d — Hap–0.05PVP; e, f — Hap–0.1PVP)
Characterization and Adhesion Strengthstrength tests. The bonding strengths increase with polymer
addition, and the highest value (8.75 ± 0.75 MPa) was
recorded for the Hap–0.1PVP coating. The reason for the
rapid increase of adhesion strength was attributed to more uni-
form, homogeneous, and denser microstructure where the ori-
gin pores between the Hap particles were almost completely
filled by PVP polymer, which resulted in an increasing cohe-
sive strength inside the coating and tighter mechanical bond-
ing at the coating–substrate interface.
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